Abstract: Starch films were obtained by incorporating sorbitol and FeCl 3 .6H 2 O by casting. The films were exposed to pyrrole vapors to promote polymerization. PPy/starch films were characterized by rheology, elemental analysis, electrical dc conductivity measurements, X-Ray diffraction, thermogravimetry, SEM and FTIR. Optimal synthesis conditions were obtained with starch films containing 5 % w/w of 
Introduction
In recent years, artificial materials are of growing importance in medicine and biology. They have been designed to substitute irreversibly damaged tissues and organs. In construction of biocompatible artificial implants, one strategy aims at creation of materials promoting attachment, migration, proliferation, differentiation, long-term viability and cell functioning in a controllable manner, if possible. These materials can be constructed as surfaces colonized by cells, such as heart valves or vascular prostheses lined by contiguous, mature, naturally thromboresistant, nonimmunogenic and semipermeable endothelial layer [1] [2] [3] , bone implants inducing formation of mineralized osseous tissue only at the interface of native tissue and artificial material [4] , or skin substitutes containing polymeric sheet with a feeder layer of fibroblasts covered by keratinocytes [5] .
Some biopolymers are already under clinical use, including polyglycolic acid, polylactic acid, and polyhydroxybutyrate, among others [6] . Recently, starch-based polymers and mixtures are a potential alternative [7] and have been investigated in order to replace synthetic polymers. In this field, many efforts have been devoted to the development of improved biomaterials, characterized by highly specialized surfaces, able to interact positively with the biological environment. A great deal of work has pointed out that immobilization of cell adhesive peptides containing RGD (arginine-glycine-aspartic acid) sequence on different polymer surfaces significantly increases cell adhesion on these substrates [8] [9] [10] .
In this work, attention was addressed to the development of a biopolymer material to be used in the orthopaedic field, able to interact with implantation sites in order to stimulate the osteointegration process. Some authors reported that the direct grafting of polypeptides onto surfaces, such as titanium based materials [11] , led to poorly stable systems. In order to avoid the problems generated by the use of metallic implants, the strategy followed in this work was based on the surface modification of starch-based films with a conducting polymer, to which biologically active molecules could be grafted by exploiting the polymer surface chemical reactivity. Electrically conducting polymers provide potentially interesting surfaces for cell culture in that their properties (e.g. surface charge and wettability) can be altered reversibly by chemical or electrochemical oxidation or reduction [12] Polypyrrole (PPy) has been chosen which found interesting applications in the biological field, i.e. as active material for endothelial cell culture [12] , substrate for immunoreactions [13] , electrochemically controlled drug release and substrate for protein [14] and DNA [15] binding. Moreover, its biocompatibility with respect to mammalian bone cells [16] has been already tested. This study describes the preliminary results in the development of a polypyrrole-modified starch film and its characterization by elemental analysis, electrical conductivity measurements, WAXS, SEM, TGA and FTIR analyses. A further step, consisting of grafting of polypeptides containing the adhesive sequence to PPy-modified starch films and cell adhesion experiments is still in progress.
Results and discussion

Starch Rheology
The purpose of adding plasticizers is to overcome the starch film brittleness and improve their flexibility and extensibility. Plasticizers must be compatible with filmforming polymers, reduce intermolecular forces and increase the mobility of polar polymer chains. Hydrophilic compounds such as polyols (glycerol, sorbitol and poly(ethylene glycol)) are commonly used as plasticizers in hydrophilic film formation [19] . The plasticizer effectively reduces internal hydrogen bonding while increasing intermolecular spacing [20] , thereby decreasing brittleness.
In this work, rheological measurements were primarily conducted to observe if the presence of a plasticizer promotes modifications on the gelatinization conditions of starch. These experiments were carried out in order to confirm whether the method of film preparation is suitable for promoting gelatinization of starch granules in suspension, as a way to obtain the desired film properties. For this purpose, starch granules dispersed in aqueous medium (in absence and in presence of sorbitol) were heated at a constant rate in a rheometer. Figures 1-A and 1 -B illustrate the rheological behavior of starch suspensions (in absence and in presence of sorbitol, respectively) during heating under constant shear deformation.
At the beginning of the rheological experiment (Stage a in Figures 1-A and 1-B) , the starch suspensions were below 25.0 °C, and viscosity values are similar to those of water (1 mPa.s). Under these conditions, the starch granules were insoluble in water.
A morphological analysis (do not shown) of the starch granules at Stage a, showed a mixture of rounded and angular granules with a centric hilum typically observed in native starch granules [21] [22] .
As the heating process started, the viscosity of the suspension remained unchanged until a marked increase was observed, when the suspension temperature reached 67.0 °C, indicating the gelatinization of the starch suspension (Stage b, in Figure 1 -A). Under these conditions gelatinization occurs while starch granules swell under water absorption and increase in volume. This process was also observed at a temperature of 69.0 °C for the starch suspension containing sorbitol (Stage b, in Figure 1-B) . On increasing the temperature, the viscosity values continued to increase as result of swelling up to a maximum of 212.5 mPa.s at 82.8 °C for the starch suspension (Figure 1-A) and of 105.5 mPa.s at 88.3 o C for the starch suspension containing sorbitol (Figure 1-B) . After this point, a decrease in the viscosity was observed due the breakdown of the starch granules, which indicates that this method of preparation allows the complete gelatinization of starch (stage c, in Figures 1-A and 1-B) . No marked influence on the gelatinization conditions of the starch granules was observed as a consequence of the presence of sorbitol.
Polypyrrole synthesis into the starch films
The method described in this work consisting of the incorporation of the oxidizing agent (FeCl 3 .6H 2 O) into the starch/sorbitol mixture (after gelatinization) allowed obtaining homogeneous, apparently smooth films, with a thickness of (0.173±0.002) mm. Films containing different concentrations of FeCl 3 .6H 2 O (1-10 % w/w) were produced in order to determine the optimal synthesis conditions of polypyrrole into the starch/sorbitol matrices. Figures 2-A and 2 -B depict the pyrrole sorption and pyrrole polymerization respectively, as function of exposure time to pyrrole vapors. In general, all the matrices exposed to pyrrole vapors showed a change of coloration from dark yellow to black, after ca. one hour of monomer exposure, indicating the pyrrole polymerization reaction occurring in the starch films. It is interesting to note that the flexibility of the films was maintained after pyrrole polymerization.
It was observed that an equilibrium of pyrrole sorption was of 6.6 % w/w; 10.5 % w/w and 10.6 % w/w for films containing 1 % w/w; 5 % w/w and 10 % w/w of FeCl 3 .6H 2 O reached after ca. 60 h of exposure to pyrrole vapors (Figure 2-A) . These results are in agreement of those found by Zoppi [23] and Zoppi et al. [24] , for PPy/EPDM semi-IPN (semi-interpenetrating networks) obtained by mechanical mixing of FeCl 3 .6H 2 O as oxidizing agent into the rubber matrix, followed by exposure to pyrrole vapors.
On the other hand, the polymerization reaction stabilize after 10 h of pyrrole vapor exposure for all compositions tested, as can be seen in Figure 2 -B. Considering that the monomer is in excess during the polymerization reaction, and that the presence of unreacted FeCl 3 .6H 2 O could impair the stability of the starch film, the results suggest that 5 % w/w of the oxidant are sufficient to promote an adequate pyrrole polymerization into the starch-based film.
To confirm this statement, PPy-Cl was chemically prepared with the same mass (0.05g) of oxidant previously used to produce the starch film containing 5% w/w of . Omastová et al [25] [26] [27] and Machida et al [28] also reported that the optimum FeCl 3 /pyrrole molar ratio is 2.3.
(1)
The difference between the experimental and calculated elemental compositions in PPy-Cl sample obtained in this work can be partly explained by the fact that polypyrrole is hygroscopic and contains up to 4.4 % w/w of water, as was found in the TGA curve (do not shown) [25] [26] [27] . PPy contains also oxygen, the presence of C-O, C-OH and C=O bonds was proved in the PPy samples [29] [30] . The oxygen may enter into PPy structure during the polymerization process itself as the consequence of the presence of water in the starch film, as well as by reaction of the prepared polymer with atmospheric oxygen. Figure 3 shows the FTIR spectra of a starch film, sorbitol, polypyrrole, and starch films containing 20 % w/w of sorbitol and 5 %w/w of FeCl 3 .6H 2 O before and after pyrrole vapor exposure.
Fourier-transform Infrared spectroscopy
The FTIR spectrum a in Figure 3 depicts a typical pattern of starch, which is in agreement with the descriptions in the literature [31] . A broad band was observed at 3500-3000 cm -1 [32] [33] , in which the main absorption band (3288 cm -1 ) is related to bonded hydroxyl groups of the starch. The absorption bands at ca. 2940 cm -1 and 2885 cm -1 refer to the C-H stretching in the starch [33] . In the region 2000-400 cm -1 , the main absorption bands correspond to bound water at ca. 1648 cm -1 , C-H bending at ca. 1400-1460 cm -1 , and bands associated with C-O, C-C and C-O-H in the region 1200-900 cm -1 [32] . The band position related to the scissoring mode of residual water is dependent on the polysaccharide crystallinity. For studies on crystalline trehalose (a disaccharide) for example, it has been reported that the band related to water absorption appears at 1685 cm -1 , indicating the presence of strong hydrogen bonding and for amorphous trehalose, this band has been observed at 1648 cm -1 [32] . Zhang et al [33] report that peaks at ca. 1649 cm −1 are believed to be a feature of tightly bound water present in the starch. The bands located at ca. 1458 cm -1 , 1257 cm -1 and 855 cm -1 are assigned to the vibrations associated with the CH 2 group [31] . The frequencies at ca. 1349 cm -1 and 1002 cm -1 were demonstrated to be due to modes involving deformations of C-OH groups [32] . In addition, the modes related to CCH bending were identified at around 1421 cm -1 , 1208 cm -1 and 1080 cm -1 , while the C-O and C-C stretching contribute to modes related to the bands 1154 cm -1 , 1113 cm -1 and 933 cm -1 [31] . Finally, the bands associated with the C-O and C-O-H has been assigned to glycosidic linkage [34] . The spectra b and c of Figure 3 were obtained from sorbitol, and from a starch film containing 20 % w/w of sorbitol and 5 % w/w of FeCl 3 .6 H 2 O, respectively. As mentioned before, plasticizers play a very important role in the starch film formation affecting the film structure and, accordingly, its properties [35] . The basic rationale of the plasticization is that plasticizers can attract the water molecules, reduce the intermolecular interactions between the biopolymer chains and increase the flexibility of films [36] . Without plasticizers, starch films are readily broken into fragments when they are dried under ambient conditions. The working parts or active sites in plasticizers and starch are their hydrophilic parts, such as hydroxyl groups. Therefore, some polyols (especially, glycerol, sorbitol, and ethylene glycol) are considered as preferred plasticizers for starch-film production [37] . In this work, the use of sorbitol as plasticizer leads to flexible starch films with a smooth appearance (Figure 4-B) . Considering these affirmations, no significant shifts on the vibration modes of starch spectrum were observed with the presence of sorbitol. Specifically, the peak at 1648 cm −1 observed in spectra a and b of Figure 3 (related to bound water) is not modified in spectrum c. Therefore, it can be concluded that sorbitol acted as plasticizer by itself efficiently reducing the interaction between the starch polymers.
Zhang and Han [33] in studies of plasticization of pea starch films with several monosaccharides and polyols, also reported that no changes in the FTIR spectrum of pea starch were observed due the presence of sorbitol. These authors suggest that that sorbitol behave like monosaccharides in starch films. In addition, Yang and Paulson [35] report that sorbitol is a hydrogenation product of glucose and its molecules are supposed to be present similar to the ring conformations of the glucose molecules.
Considering the presence of FeCl 3 .6H 2 O in the starch film, Tomasik et al. [38] affirm that ferric chloride forms with starch an inclusion complex which can be readily hydrolyzed into the starch-Fe(O)OH complex. Contrary to it, if carbonyl iron powder reacts with starch paste at 37 o C, it gives starch ferrate. These compounds present different structure and properties, especially those related to water binding capacity and aqueous solubility. These authors [38] also report that the properties of the starch complex and of the complex resulting from its hydrolysis qualitatively resemble properties of the complexes prepared and described by other authors [39] . In Figure  3 , the strong band observed in the spectrum a (of starch) at around 3300 cm -1 (hydroxyl groups) was shifted to lower wavenumbers in spectrum c (of starch film containing sorbitol and ferric chloride). It suggests that the changes in the effective amount of the hydroxyl groups existing in the films was not due to the presence of sorbitol, but probably due the formation of a complex with FeCl 3 .6 H 2 O, which a different structure and properties than the original starch film. This affirmation is based on the decrease of the solubility in water of starch films starch observed in those containing the oxidant, and on the above mentioned TGA, X-Ray diffraction and SEM results.
Several research groups [25, [40] [41] [42] [43] [44] have made the assignments of vibration modes of PPy. The spectra e of Figure 3 (polypyrrole powder synthesized with FeCl 3 , so called PPy-Cl) contains bands at 1540 cm −1 (C-C stretching vibrations in pyrrole ring) [25] , at 1459 cm -1 (C-N stretching vibration in the ring) [25] ; from 1400 cm -1 to 1250 cm -1 (broad band, C-H or C-N in-plane deformation modes of secondary aromatic amines) [25, 42] , bands from 1250 to 1100 cm -1 (vibrations of the pyrrole ring) [25] , characteristic for oxidized polypyrrole. Vibrations from 1130 cm -1 to 1000 cm -1 (C-H and N-H in plane deformation vibrations) and the band at 1700 cm -1 are influenced by C-O vibration of hydroxypyrrole units formed by nucleophilic attack of water during the preparation [25] . The band at 1084 cm -1 corresponds to the mode of in-plane deformation vibration of N + H 2 which is formed on the PPy chains by protonation (Equation 2) [25] . Finally, bands at 1040 cm -1 (C-H and N-H in-plane deformation vibration), at 967 cm -1 (C-C out of plane ring deformation), at 774 cm -1 (C-H out of plane ring deformation), at 674 cm -1 (C-C out-of plane ring deformation) and at 620 cm -1 (N-H out of plane vibration) were found for PPy-Cl [25, 44] . Figure 4 shows micrographs of starch-based films of different composition. The starch film (Figure 4 -A) depicts a homogeneous and compact surface with a rough aspect, without porosities or cracks. In the presence of the plasticizer (Figure 4-B) , changes on the film morphology were observed mainly as a diminution of the film roughness. As mentioned before, the presence of sorbitol in starch films promotes modifications in the arrangement of the polymer chains, affecting its crystallinity and morphology, among other properties [45] . Films prepared with sorbitol also diminished their brittleness and became more flexible. However, a more pronounced smooth effect was observed on the surface morphology of starch specimens prepared with sorbitol and FeCl 3 .6H 2 O (Figure 4-C) . These characteristics remained practically unchanged after exposure to pyrrole vapors (Figure 4-D) , with exception of a marked color change from yellow to black, after pyrrole exposure, indicating the pyrrole polymerization reaction occurring in the starch films. No domains of phase separation can be observed at these micrographs. The changes on the starch diffraction pattern (as will be further described) as well as of the morphology due to the presence of ferric chloride were also accompanied by a decrease in water solubility of the films as observed in laboratory tests (do not shown). This behavior strongly suggests that probably a reaction between starch and the oxidant occurred, with the formation of a complex as reported by Tomasik et al. [38] . Due to the amorphous character of polypyrrole, crystallinity and morphology of the starch-FeCl 3 complex were not markedly influenced by the presence of polypyrrole in the film, as will be seen in the following section.
Morphological analysis
Wide-angle X-ray analysis
Wide-angle X-ray analysis was conducted with starch powder (native form), polypyrrole powder, a starch film containing 20 % w/w of sorbitol and 5 % w/w of FeCl 3. 6H 2 O and with a specimen of same composition after surface modification with polypyrrole, in order to observe the main structure of the starting polymers and the films after preparation ( Figure 5 ).
The crystallinity of starch granules is attributed mainly to amylopectin, a highly branched molecule, its side chain branches intertwine to form the double helices, which are the basis of the crystals [46] . Three different types of crystal structures have been identified in the literature, classified by Katz and Van Itallie [47] . These are known as "A-type"-characteristic of cereal starches, "B-type" -found in tuber starches, and "C-type"-found in legumes.
In the native form ( Figure 5 -a) maize starch presents diffraction peaks corresponding to the Bragg's angle (2 ) , which correspond to a crystalline structure typical of cereal starch "A-type" [46, [48] [49] . (Fig. 5-b) . This different pattern is due the presence of sorbitol and ferric chloride in the starch film. As described by Beerler et al. [45] , sorbitol interfere with the arrangement of the polymer chains and with the hydrogen bonding, it also decreases the polymer interaction and cohesiveness and it most likely affect the crystallinity and other physical properties of the films. In addition, it was also reported by Tomasik et al. [38] that ferric chloride forms with starch a complex with structure and properties different than those from the original starch.
The pattern observed in Figure 5 -b is not markedly influenced by the presence of polypyrrole, as observed in Figure 5 -c. This behavior can be attributed to PPy-Cl which clearly presents an amorphous pattern, as can be seen in Figure 5 -d. The broad reflection in the range of o indicates a low order of crystallinity, characteristic for polypyrroles, which agree with the statements of Visy et al. [50] and of He et al. [51] , who conducted XRD studies of polypyrrole synthesized with FeCl 3 . . In addition, it is observed that the temperature of maximum degradation rate (peak maximum on the DTG curves in Figure 6B ) was 361 o C; 344 o C and 338 o C (for sorbitol, starch and starch film containing 20 % w/w of sorbitol, respectively) which shows that the starch film containing the plasticizer has lower thermal stability than the starch film. This behavior is probably due sorbitol bind with starch molecules so that the cohesive tension of the molecules in attached polymer chains becomes weakened [52] . In addition, it is homogeneously incorporated within a network of hydrogen bonds between the starch molecules; therefore, the film becomes more flexible, soft and transparent.
Thermal analysis
The influence of the presence of the oxidizing agent (FeCl 3 .6H 2 O) on the thermal stability of the starch film (containing 20 % w/w of sorbitol) can be seen in curve d (Figures 6-A and 6-B) . As observed in this curve, the presence of FeCl 3 .6H 2 O impaired the thermal stability of the starch film, due to its oxidant character. Since the boiling temperature of sorbitol is ca. The influence of polypyrrole on the thermal stability of starch film is observed in curve e ( Figures 6A and 6B ). Compared to curve d, the first weight loss in curve e is extended to higher temperatures (ca. 195 o C). Up to ca. 100 o C, this loss can be related to water loss, as was also described by Omastová et al. [25] , in TGA studies of polypyrroles prepared in the presence of FeCl 3 . These authors found a significant weight loss occurring at temperatures between 30 o C and 100 o C related to evaporation of residual water, due to the hygroscopic character of PPy. Above ca. 100 o C, the weight loss in curve e ( Figure 6A ) is can be related to the degradation of the PPy chain and/or the starch-ferric chloride complex. The last weight loss, starting at about 250 o C probably corresponds to the degradation of sorbitol and starch [53] . In this case, it is also supposed that crosslinking formation takes place at high temperatures, as evidenced by a residue of 33.56 % at the end of the experiment. Compared to curve d, it can be observed that the presence of PPy partially avoid the oxidation of starch promoted by FeCl 3 .6 H 2 O, enhancing the thermal stability of the film, which is maintained up to 195 o C.
Electrical dc conductivity
In addition, the conductivity of chemically prepared PPy depends on the preparation conditions, temperature and strongly on the used oxidant [54] [55] . Then, the choice of the oxidant agent employed in this work was based on the reports in the literature. Ferric chloride is often used for pyrrole chemical oxidation and the conductivity of the final product is higher compared to those produced with other oxidants. As described by Mayers [56] PPy-Cl can reach conductivity values in the range (1 -40) S.cm -1 . Omastová et al [25] [26] found electrical conductivities of 1.5 ± 0.4 S.cm -1 for PPy-Cl chemically prepared using FeCl 3 as oxidant in HCl medium. Figure 7 shows the electrical dc conductivity measured on starch films prepared with different contents of FeCl 3 .6H 2 O as function of exposure time to pyrrole vapors. In a general manner, it was observed that the electrical conductivity tend to increase with exposure time to pyrrole vapors, and remain nearly constant after 10 h of exposure, which is in accordance with the time to polymerization stabilization, previously defined. Compared to the electrical conductivity of the starch films before pyrrole polymerization, the conductivity values of starch films increased from an initial value of 5.53 x 10 -9 S.cm -1 up to a maximum of 3.5 x 10 -6 S.cm -1 , depending on time of pyrrole vapor exposure and oxidant concentration in the films. It represents an increase of ca. three orders of magnitude on the electrical conductivity of the starch films, due to the presence of polypyrrole.
Considering the oxidant concentration in the starch films, the conductivity values measured on films at 10 h of monomer exposure were of 1.28 x 10 -6 S.cm -1 ; 1.14 x 10 -6 S.cm -1 and 2.28 x 10 -7 S.cm -1 for polypyrrole synthesized with 10 % w/w, 5 % w/w and 1 % w/w of FeCl 3 .6H 2 O, respectively. An explanation to the lower conductivity values found at starch films containing 1 % w/w of FeCl 3 .6H 2 O, is due the formation of low molecular weight polypyrroles obtained for this oxidant concentration, and the inhomogeneity of conducting part created using small amount of oxidant. This would also contribute to a lower conductivity compared with polypyrrole with higher molecular weights, as the shortest polymer has a reduced conjugation system for charge carrier mobility [57] . The small difference in the conductivity values of films prepared with 5 % w/w and 10 % w/w of FeCl 3 .6 H 2 O, suggest that a concentration of FeCl 3 .6H 2 O (5 % w/w) and 10 h of vapor exposure are sufficient to synthesize polypyrrole into the starch films and enhance electrical conductivity. Therefore, just to ensure complete polymerization reaction, PPy/starch films were prepared with 20 % w/w of sorbitol, 5 % w/w of oxidant and after, were exposed for 24 h to pyrrole vapors prior to characterization.
Conclusions
The method of preparation of films by the incorporation of the oxidizing agent (FeCl 3 .6H 2 O) into a starch/sorbitol mixture and followed by pyrrole polymerization by exposure to the monomer vapors allowed obtaining homogeneous, smooth, flexible films, (0.173±0.002) mm thick, with conductivity values varying from 5.53 x 10 -9 S.cm -1 to 3.5 x 10 -6 S.cm -1 , depending on the composition. The results of X-ray diffraction analysis, TGA, SEM and FTIR, addition of ferric chloride to the starch dispersion seem to form a complex, with structure and properties different than those from the original starch. The structure of this complex is not influenced by the presence of polypyrrole in the film. The results obtained indicate that no chemical interactions between polypyrrole and the starch based matrix are formed, suggesting only the formation of a physical mixture. Work is in progress on grafting a polypeptide containing the RGD adhesive sequence, tests of citotoxicity, degradation and bioactivity of these modified substrates by cell proliferation experiments.
Experimental part
Starch films preparation
Starch-based films were prepared by casting as follows: 1.0000 g of maize starch (C 6 H 10 O 5 ) n (Sigma-Aldrich) containing ca. 73 % w/w amylopectin and ca. 27 % w/w amylose was dispersed in 0.05 L of deionized water and sorbitol (hexane-1,2,3,4,5,6-hexaol) (Nuclear) was added as plasticizer. 
Surface modification of starch-based film with polypyrrole
The starch films containing sorbitol (as plastisizer) and FeCl 3 .6H 2 O (as oxidizing agent) were exposed to pyrrole (C 4 H 5 N) (purchased from Acros Organics, used without previous purification) vapors in a dessicator (protected from light) at 25 o C. Monomer sorption in the films was monitored gravimetrically up to 72 h. The monomer (pyrrole) sorption and the polypyrrole weight fraction (X PPy %) were monitored gravimetrically (Bioprecisa Model FA2104N) at different time periods. To observe the pyrrole sorption, samples were weighed immediately after pyrrole vapor exposure, and to monitor the polypyrrole weight fraction specimens were weighed after drying in vacuo for 7200 s. Electrical dc conductivity measurements were conducted at with the standard fourpoint probe technique [17] [18] . Samples were stored at (23±1) o C and (50±5) % of relative humidity for 48 h previously and the measurements were conducted at the same environmental conditions. Current was applied with a current source (Model 6220, Keithley, Cleveland, USA), and the voltage was measured with an electrometer (Model 6517A, Keithley, Cleveland, USA). Specific dc electrical conductivity was calculated by: e V I 2 ln (2) where: is the specific dc electrical conductivity; e is the specimen thickness (cm); I correspond to the applied current (A) and V is the measured voltage (V).
X-ray diffraction patterns were obtained for starch and polypyrrole powders, as well as for starch films using a X-PERT Philips Diffractometer, using a graphite monocromator with Cu-K (λ = 1.5406 Å) radiation, submitted to 40 kV/0.030 A, at reflection mode, step of 0.05º, step time of 1s at a /2 Geometry. Starch and starchmodified films (0.173±0.002) mm thick were analyzed.
The surface and cross section morphology of the polymer films was observed using a Scanning Electron Microscope (Philips XL 30) . To analyze the cross section, starch films of 0.144 mm were fractured in liquid N 2 . All samples were sputter coated with a 20 nm gold layer.
Thermal analysis was conducted using a TGA-50 Shimadzu equipment under N 2 (0.83 ml.s -1 ) and a platinum crucible. Thermogravimetric parameters were determined using the associated TGA-50 software. Non-isothermal experiments were performed with samples of ca. . FTIR analysis of sorbitol, FeCl 3 .6H 2 O, native starch powder and polypyrrole powder were carried out using a KBr support. Starch and starch-modified films (0.010±0.001) mm thick were produced for FTIR analysis.
